We investigate the performance of carrier phase estimation (CPE) and digital backward propagation (DBP) in compensating fiber nonlinearity for 224Gbps In the presence of CPE, the number of DBP steps can be reduced.
Introduction
Compensation of fiber transmission impairments by using digital signal processing (DSP) in combination with coherent receivers has become the most advantageous technique for high-speed long-haul optical transmission. Standard DSP setups include compensation of fiber linear effects such as chromatic dispersion (CD) and polarization mode dispersion (PMD) 1 . Besides, implementation of carrier phase estimation (CPE) in DSP has also been successfully demonstrated to suppress the average phase variation caused e.g. by crossphase modulation (XPM) 2, 3 . In case of low nonlinearity accumulation during transmission, the system performance can be clearly improved by CPE. However, this benefit of CPE degrades for strong nonlinear signal distortion as an average phase de-rotation becomes insufficient to compensate the nonlinear phase shift caused by self-phase modulation (SPM). On the other hand, algorithms based on digital backward propagation (DBP) have shown to effectively enable nonlinear mitigation 4, 5 . As the DBP technique uses split-step Fourier method (SSFM), actual DBP implementation is currently extremely challenging due to its complexity. Recent research dedicates to reducing the number of DBP steps by either shifting the nonlinear calculation point 6, 7 or employing filtered-DBP 8, 9 and perturbation-DBP 10 . In this paper, the ability of nonlinear mitigation with both DBP and CPE compensation is investigated. Especially the performance of various DBP step sizes and CPE tap length is evaluated as well as their mutual influence. Furthermore we compare the results of 4-QAM and 16-QAM modulation.
Simulation Setup and Equalizer Algorithms
In our simulation configuration, both PM 4-QAM and PM 16-QAM signals operating at 224Gbps are analyzed over uncompensated single mode fiber (SMF) links. The transmission distance is adapted to the different systems in order to ensure sufficient OSNR for signal quality evaluation: 15x80km for 4-QAM and 10x80km for 16-QAM signals. The transmission parameters of SMF are: α=0.2dB/km, D=16ps/(nm-km) and γ=1.2km
. Every transmission span also includes an Erbium doped fiber amplifier (EDFA) which is modeled with 16dB of gain and 4dB of noise figure. For simplicity, we neglected all the polarization and laser linewidth effects in our simulations. At the receiver side a standard coherent homodyne optical receiver for dual-polarization systems is used as depicted in Figure 1 reference. In the DBP algorithm, the complete link is uniformly divided into steps and asymmetric SSFM computing the nonlinear part in the end of the DBP step is implemented. As we neglect the polarization effects in transmission, no CMA-based polarization demultiplexing is used. The carrier phase estimation (CPE) is implemented to cancel out residual averaged phase rotations. For a 16-QAM signal which has multiple-level amplitudes, instead of conventional Viterbi-Viterbi algorithm, we employ a decision-directed algorithm 3, 11 illustrated by the a block diagram in Figure 1(b) . The process includes two stages: a decisiondirected carrier phase estimator (DD CPE) is used to estimate the symbol-wise phase shift, and the phase interaction between x-and ypolarizations is taken into account by a coupling coefficient C that is set to optimize the performance. In the first stage the averaged phase shift is calculated over the tap length N. In our investigation, we use the same DBP and CPE algorithms for both 4-QAM and 16-QAM signals. The coupling coefficient C is 1 for optimum performance according to [3] . Performance of CPE with and without DBP as well as performance of DBP with and without CPE is demonstrated below. Figure 2 (a) and (b) show the impact of CPE tap length on the performance with and without DBP compensation for 4-QAM and 16-QAM systems, respectively. The required OSNR for a bit error rate of 10 -3 is evaluated. Obviously less OSNR is required as the tap length increases and a minimum required OSNR level is reached after a threshold tap length. The threshold tap length depends on launch power and the employment of DBP helps to reduce the threshold tap length. At high launch power of 3dBm without DBP compensation, 11 CPE taps are needed for 4-QAM signals while 21 CPE taps are necessary for 16-QAM signals in order to achieve minimum required OSNR for BER=10 -3 . The general behavior also shows that 4-QAM signals require less taps than 16-QAM signals due to the higher tolerance towards nonlinearity. Furthermore, DBP compensation significantly brings down the required tap length (from 11taps to 5 taps for 4-QAM and 21taps down to 7taps for 16-QAM respectively) as the great amount of phase variation due to nonlinearity has been diminished by DBP. At lower launch powers, DBP does not contribute significant benefit and also very short tap length is sufficient to reach the optimum performance. For 16-QAM signals at 3dBm, using DBP reduces the minimum required OSNR by 2.5dB with respect to using only linear compensation. For 4-QAM signals the minimum required OSNR is the same for both cases, which shows more robustness against fiber nonlinear effects. Figure 3(a) shows the variation of BER against the number of DBP steps per fiber span to compensate the entire link with and without using CPE for 16-QAM signals at a launch power of 3dBm and 0dBm. In the presence of CPE, performance is improved allowing for a reduced number of DBP steps in order to get a certain BER. Also the improved amount depends on the tap length of CPE. For the 3dBm case, more than one DBP step per fiber span is required to achieve BER=10 -3 without using CPE, whereas only 0.4 DBP steps per fiber span (i.e. 4 steps for the complete 10 span link) are required if CPE with 7 taps is used. Both increasing the tap length and number of DBP steps enhances the system performance, however, if a large number of CPE taps is used, changes in the number of DBP steps give less influence on BER. We also compare the results with 4-QAM signals as shown in Figure 3(b) . 16-QAM and 4-QAM signals have similar behavior but the 16-QAM signal requires more DBP steps for the same applied CPE tap length. Figure 4 illustrates the impact of different compensating configurations on the constellation diagrams of the received symbols: compensation with only DBP, LC combined with CPE and DBP combined with CPE. In this comparison signal launch power is 3dBm and 10 DBP steps as well as 7 CPE taps are used. It is clearly visible that the phase variation of symbols with high amplitude levels can be suppressed by employing CPE. On the other hand, the remaining rotation in constellations is eliminated with the help of DBP. Without DBP the symbol points get more spread and the constellation has the remaining rotation despite of longer tap length of CPE as the averaged phase de-rotation evaluated by CPE is not sufficient for recovering the individual nonlinear phase shift.
Results and Discussion

Conclusions
We have numerically investigated the mitigation of signal distortion due to fiber nonlinearity by using both digital backward propagation and carrier phase estimation for 224Gbps dualpolarization 4-QAM and 16-QAM transmission for an uncompensated fiber link. Both DBP and CPE mutually improve their individual performance. Combined with CPE, 60% reduction in the required number of DBP steps can be achieved for 16-QAM signals, which shows great potential to reduce the real time implementation complexity. On the other hand, reduced tap number is tolerable for CPE in the presence of DBP compensation. We also found that for 16-QAM signals only 1/3 number of taps is sufficient to achieve optimal performance with respect to linear compensation. 
